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We report experiments demonstrating Quantum Interference Control (QuIC) based on two non-
linear optical absorption processes in semiconductors. We use two optical beams of frequencies ω
and 3ω/2 incident on AlGaAs, and measure the injection current due to the interference between
2- and 3-photon absorption processes. We analyze the dependence of the injection current on the
intensities and phases of the incident fields.
When different quantum evolution pathways can lead
a system from the same initial to a final state, quan-
tum interference between the routes leads to enhance-
ment or suppression of the transition rate. Quantum
interference control (QuIC) based on optical processes of
different photon numbers has been used for exciting and
controlling target states in both molecular and crystalline
systems. It has been used for molecular excitation and
ionization [1–6], and in semiconductors it was first used
for asymmetric photoejection [7–11] and later for current
injection [12, 13]. Quantum interference of optical ab-
sorption processes can be constructive in some regions of
the Brillouin zone (BZ) while destructive in others, which
results into a net overall current control. To date every
use of QuIC in crystalline materials has involved 1- and 2-
photon absorption processes; 1+2 QuIC has been used for
charge [12–14] and spin [15–19] current injection in semi-
conductors, as well as current injection in graphene [20–
22], topological insulators [23–25], and transition metal
dichalcogenides [26, 27]. It has also been theoretically in-
vestigated for current injection in graphene nanoribbons
[28], spin currents in topological insulators [23], and spin
and valley currents in transition metal dichalcogenides
[26].
Second and third harmonic generation are the typi-
cal techniques used to obtain optical fields with the fre-
quencies appropriate for 1+2 and 1+3 QuIC, respectively
[2, 14]. And second harmonic generation has also been
used for 2+4 QuIC of atomic ionization [29]. The gener-
ation of optical fields of frequencies appropriate for m+n
QuIC with fractional ratio n/m is a much harder task,
which has limited the study of QuIC based on such pro-
cesses. One way to study more general n+m QuIC is to
use phase-coherent frequency combs [30], especially for
fractional ratios n/m < 2 as these cases do not require
the frequency range of the comb to be too broad. The use
optical frequency combs for QuIC experiments presents
an opportunity to separately study several nonlinear op-
tical processes in semiconductors. We note that when
considering these processes in the frequency domain, all
possible combinations of comb lines must be considered,
not just harmonics of individual lines, as is already the
case in considering “second” harmonic generation where
not considering sum-frequency terms between comb-lines
leads to the incorrect conclusion that the second har-
monic pulse train has twice the repetition rate of the
fundamental [31].
In this letter we report experiments demonstrating
QuIC of photocurrents using 2- and 3-photon absorption
(2PA and 3PA) processes in AlGaAs. A theoretical study
of 2+3 QuIC of photocurrents in AlGaAs is presented in
another paper [32]. In crystalline materials, QuIC in-
volving higher order processes lead to higher swarm ve-
locities due to better localization of carriers [32] in the
BZ. Thusm+n QuIC experiments in semiconductors not
only allow the study of some nonlinear optical processes
separately, but they also open the possibility of precise-
probing properties of the electronic states in regions of
the BZ.
FIG. 1. Illustration of the quantum interference between the
2PA and 3PA pathways for the excitation of an electron from
a valence to a conduction band. If the two pulses are phase
coherent related, the QuIC current is generated due to the
quantum interference between them.
We denote the two incident optical field amplitudes by
Eω = Eωe
iφω eˆω and E3ω/2 = E3ω/2e
iφ3ω/2 eˆ3ω/2, where
Eω > 0 and E3ω/2 > 0 are the field magnitudes, the unit
vectors eˆω and eˆ3ω/2 indicate the field polarizations, and
φω and φ3ω/2 indicate the field phases. When either the
2ω or the 3ω/2 field alone is incident on the sample, the
distribution of injected carriers in the BZ is nonpolar,
so there is no net current. However, when both fields
are incident, the quantum interference between 3PA with
frequency ω and 2PA with frequency 3ω/2 leads to a
polar distribution of carriers in the BZ, as sketched in
Fig. 1. The injection rate of the current density J due to
2+3 QuIC can be written in terms of a tensor η2+3 (Ω)
such that
d
dt
Ja2+3 = η
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where ~Ω = 3~ω is the total photon energy of the ab-
sorption processes, and we define the relative phase pa-
rameter ∆φ = 2φ3ω/2 − 3φω [32]. If the ω and 3ω/2
fields correspond to pulse trains from the same optical
frequency comb, or with the same repetition rate, the
QuIC current is modulated by the offset frequency f0
through the phase parameter ∆φ = 2pif0t. Thereby,
we could characterize the offset frequency of a frequency
comb based on the QuIC current [33]. The lattice symme-
tries impose constraints on the components of the tensor
η2+3 (Ω). For most frequencies, the largest independent
component [32] for AlGaAs is ηxxxxxx2+3 (Ω), which corre-
sponds to the polarization of both fields and the current
being along the [100] crystal axis. Unless specified other-
wise, these are the polarizations used in all of our discus-
sion. We measure the injection current with electrodes
aligned along the[100] crystal axis. We illustrate our ex-
perimental setup in Fig. 2, and we present the observed
dependence of the detected signal on the intensities and
phases of the fields in Figs. 3 and 4 respectively.
The experimental setup is shown in Fig. 2. A custom
laser system (MenloSystems) outputs two femtosecond
pulse trains derived from a common oscillator at differ-
ent wavelengths: one is 400mW and centered at 1560 nm
and the other is 740 mW and centered at 1040 nm. Both
beams have a pulse duration of about 70 fs and repetition
rate of 250.583MHz. The 1560 nm and 1040 nm beams
are also respectively referred to as ω and 3ω/2 fields in
this paper. We measure the offset frequency of the laser
comb using the heterodyne beat note produced in a 2f -
3f self-referencing interferometer, for which we double
the frequency of 1040 nm beam with a BBO crystal, and
triple the 1560 nm beam with a periodically poled lithium
niobate (PPLN) crystal; although the PPLN is designed
for second harmonic generation, it also produces weak
third harmonic. The beat note measured by the detec-
tor is then used as a source in a feed-forward setup to
stabilize the offset frequency. In the feed-forward setup
[34], an acousto-optic modulator (AOM) is inserted in
the beam path driven by the amplified beat note, so
the diffracted beam of order −1 is the resulting offset-
frequency-stabilized beam. The feed-forward setup also
allows us to control the offset frequency. Details are given
in the supplementary material. In the experiment, in or-
FIG. 2. The experimental setup is shown schematically.
The comb offset frequency is measured using a 2f-3f interfer-
ometer and the beat note signal is then amplified to drive
the AOM inserted in the beam path. The diffracted beam of
order −1 is the offset-frequency stabilized beam used in the
QuIC measurement. The two diffracted beams are then in-
cident on a metal-semiconductor-metal (MSM) device. The
signal is detected through a lock-in amplifier referenced by
the offset frequency set by feed-forward setup.
der to avoid the spurious signal induced by a harmonic of
the AOM driving RF, the offset frequencies of the beams
are foff1560 = 20KHz and f
off
1040 = 14KHz, and the mea-
sured beat note has frequency 3foff1560 − 2f
off
1040 = 32KHz.
The QuIC current is then detected by a lock-in amplifier.
The sample device is made from epitaxially grown Al-
GaAs on a GaAs substrate. The bandgaps of the AlGaAs
layers correspond to wavelengths lower than 700 nm, so
the linear absorption of 1040 nm beam and 2PA of the
1560 nm beam are suppressed. We detect the 2+3 QuIC
current with two electrodes made from annealed Au/Ge,
which forms an Ohmic contact between the metal and
semiconductor. The two beams are incident on the same
spot between the electrodes, which are separated by
around 20µm. The spot radius of the 1560 nm beam
on the device is approximately 2µm, while that of the
1040 nm beam is approximately 3µm. The electrodes are
aligned such that they measure the photocurrent along
the [100] crystal axis, which is also referred to as the
horizontal direction, and the sample is electronically un-
biased for the 2+3 QuIC measurements. Dispersion will
limit the depth over which the QuIC process contributes
to the measured signal due the phase slip between the
2ω and 3ω beams. Simulations estimate this depth to be
approximately 2.36 µm.
The first feature of the 2+3 QuIC current we consider
is its phase dependence. Both beams are setup to be hor-
izontally polarized. Using piezoelectric transducers, the
relative phase between the two beams is slowly ramped
3over several fringes. The photocurrent is detected with
the assistance of a lock-in amplifier. We capture time
traces of the lock-in amplifier output with an oscilloscope,
shown in Fig. 3.
FIG. 3. Phase dependence of the 2+3 QuIC current. The
fringes are associated with the phase ramping of the 1560 nm
beam. The black curve is the ramping voltage applied on the
piezo to change the phase of 1560 nm beam. When increasing
the amplitude of the ramping voltage by a factor of 1.4, from
380 mV (red) to 540 mV (blue), the number of fringes is in-
creased to about 1.5 times, approximately the same ratio. The
estimated displacement of piezo is about 1.54± 0.05nm/mV.
Next we examine the dependence of the 2+3 QuIC sig-
nal on the intensity of the fields. Since the QuIC signal
is measured in a sensitive interferometric setup, environ-
mental vibrations lead to amplitude and phase fluctua-
tions of the current even when the field intensities are
constant. When using a lock-in amplifier to record data,
there is also phase drift in the measurement. Therefore,
in order to determine the current magnitude r statisti-
cally, we measure the QuIC current through two outputs
of the lock-in amplifier (in-phase component as X , and
quadrature component as Y ), and calculate the signal
magnitude, r =
√
X2 + Y 2, to remove the phase depen-
dency. Using the current magnitude r, we examine the
dependence of the 2+3 QuIC signal on the intensity of
the fields. The beam spot sizes and the repetition rates
are kept constant and both beams are horizontally po-
larized, so we control the intensities only by the power
of lasers. We use a rotary variable attenuator inserted in
the beam path to adjust the average optical power. First
we fix the power of the ω field at 20mW while we vary
the power of the 3ω/2 field. We show the measured am-
plitude of the 2+3 QuIC signal in this situation in Fig.
4(a). From the plot, we can first confirm that the signal
indeed corresponds to an interference process as it van-
ishes when the 3ω/2 field is not incident (zero power). We
also confirm that the signal magnitude depends linearly
on the power of the 3ω/2 field for low powers, which is
in agreement with Eq. (1). We then fix the power of the
3ω/2 field at 8.5mW while we vary the power of the ω
field. We show the measured amplitude of the 2+3 QuIC
signal in this situation in Fig. 4(b). For low powers of
the ω field, the magnitude of the QuIC signal can be fit-
ted by a power-law with exponent 3/2 in terms of the
ω field power, which again is in agreement with Eq. (1).
For high enough laser powers, the 2+3 QuIC signal is ex-
pected to saturate due to Pauli blocking of the electronic
transition from the valence to the conduction band, and
the injection of other carriers through higher order op-
tical process, as they can at least partially shield the
injection current. For the fixed values of the powers of
the beams we considered, the saturation thresholds are
around 12mW for the 3ω/2 field, and around 25mW for
the ω field, which are both in good agreement with the-
oretical estimates [32]. The highest current amplitude
observed in the experiments is around 70 pA.
To analyze the dependence of the 2+3 QuIC signal
on the polarizations of the fields, we use a polarizer in
the beam path to ensure that the incident light is linearly
polarized. After the polarizer, we insert a half-wave plate
to vary the polarization direction. When the polarization
of 3ω/2 field is horizontal (eˆ3ω/2 = xˆ) and we vary the
polarization of the ω field (eˆω = θˆ) eqn. 1 becomes
d
dt
Jx2+3 =cos θ
[
ηxxxxxx2+3 cos
2 θ + ηxxyyxx2+3 sin
2 θ
]
× ei∆φE3ωE23ω/2 + c.c., (2)
where x and y respectively denote the horizontal and ver-
tical directions, and θ is the angle between the direction
of polarization of the ω and 3ω/2 fields. To test the rela-
tion between the QuIC current and the polarizations of
beams, we rotate the half wave plate of the ω field at a
speed faster than the phase drift rate, and record the in-
phase component of lock-in amplifier at around every 18◦
of the half-wave plate. In Fig. 5 we plot the QuIC current
dependence on θ, as the polarization of the 3ω/2 beam is
fixed at the horizontal direction. It shows a sinusoidal-
like behavior as expected according to Eq. (2), which
reaffirms that the signal measured indeed corresponds to
the 2+3 QuIC current. The average powers of the two
fields are fixed at 12mW for the 3ω/2 field and 40mW
for the ω field.
According to theoretical predictions [32], there should
be no horizontal 2+3 QuIC current when the ω and 3ω/2
fields are both vertically polarized, as well as when the ω
field is horizontal and the 3ω/2 field is vertical. However,
we detect a signal when both beams are vertically polar-
ized, and when the ω field is horizontally polarized and
3ω/2 field is vertically polarized, although those signals
are much smaller than when both fields are horizontally
polarized. We attribute these results to residual deple-
tion DC fields of the device, as a depletion field leads to
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FIG. 4. (a) Amplitude of the 2+3 QuIC in terms of the
average power of the 1040 nm beam (3ω/2 field) when the
power of the 1560 nm beam(ω field) is fixed at 20mW. The
red circles indicate the expected dependence based on Eq.
(1). (b) Amplitude of the 2+3 QuIC in terms of the average
power of the 1560 nm beam when the power of the 1040 nm
beam is fixed at 8.5mW. The red circles indicate the expected
dependence based on Eq. (1).
field-induced QuIC current along the horizontal direction
[35]. This effect is not included in the theoretical analysis
leading to eqn. 2, thus it predicts no signal in this case.
Our current detection apparatus can not distinguish the
2+3 QuIC current from the field-induced QuIC current.
In conclusion, our results demonstrate 2+3 QuIC of
photocurrents in semiconductors. QuIC based on non-
linear processes can be used for carrier injection strongly
localized in the BZ, which allows the detailed study of
carrier dynamics in semiconductors. The phase depen-
dence of the QuIC photocurrent has been used as a means
to measure phase parameters of optical fields by detect-
ing the currents they inject in a sample [36–38]. This
strategy has been used for the characterization [33, 39]
and stabilization [36, 37, 40] of optical frequency combs.
FIG. 5. The QuIC signal as a function of angle between direc-
tions of polarization of the 3ω/2 (1040 nm) and ω (1560 nm)
fields. In the measurement, the polarization of the 3ω/2
(1040 nm) field is horizontal, which is along the [100] crys-
tal axis and the direction is labeled x. The polarization of ω
(1560 nm) is rotated by half wave plate. The same measure-
ment is repeated three times and it shows a sinusoidal-like
behavior as expected from Eq. (2) (Black).
Thus 2+3 QuIC of photocurrents is not only enabled
by frequency combs, but it also has a natural applica-
tion in the stabilization of combs that do not have an
octave-spanning frequency range. Moreover, since only
nonlinear optical processes are involved in 2+3 QuIC,
the fields have a weak power law attenuation as they
propagate through the absorbing material, instead of the
exponential attenuation of linear absorption. Thus it is
possible to use a waveguide structure for the absorption
region of a device in order to increase the signal-to-noise
ratio. Such a scenario allows for easy integration with
devices on-chip, provided the issues of phase and mode
matching are addressed, so we expect that one of the
most immediate applications of 2+3 QuIC could be the
on-chip stabilization of optical frequency combs that are
not octave-spanning.
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